Citation: Weber AJ, Harman CD. BDNF treatment and extended recovery from optic nerve trauma in the cat. Invest Ophthalmol Vis Sci. 2013;54:6594-6604. DOI:10.1167/ iovs.13-12683 PURPOSE. We examined the treatment period necessary to restore retinal and visual stability following trauma to the optic nerve.
T he axons of retinal ganglion cells (RGCs) form the optic nerve by which visual information is conveyed to higher centers of the brain. However, because of its relatively long path (approximately 50-60 mm), the optic nerve is highly susceptible to injury from accidents and disease (e.g., glaucoma). Even minor injury can initiate progressive axonal damage that ultimately leads to axotomy, retinal ganglion cell degeneration, and blindness. Fortunately, since most cases of optic nerve trauma involve partial and delayed, rather than complete and immediate, axotomy, the potential for therapeutic intervention often exists.
Over the past several years, a number of studies have demonstrated that direct application of various neurotrophic materials to the eye following optic nerve injury can slow the rate of retinal ganglion cell degeneration. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Much of this research, including our own, has focused on the use of brainderived neurotrophic factor (BDNF), an especially potent neuroprotectant in the mammalian retina, and central visual pathway in general. [1] [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] This work has demonstrated that BDNF not only promotes ganglion cell survival following optic nerve injury, but that it also has an important role in preserving the structural integrity and visual responsiveness of these neurons.
A central challenge to the development of a trophic factorbased strategy for treatment of optic neuropathy is the apparent inability of the drug to provide long-term neuroprotection when applied directly to the eye-typically <10 days. To address this issue, more recent work in rodents has focused on the use of viral vectors and mesenchymal stem cells to deliver a more sustained supply of various trophic factors, including BDNF, to the eye. 11, 13, [17] [18] [19] 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] While these studies have shown considerable promise, they are not without concerns. 34, 35 In our pursuit of a strategy for long-term recovery following trauma to the optic nerve, we have focused on the close relation between retinal ganglion cells and their target neurons in the visual thalamus. Neuron-target dependence is a well-known phenomenon that affects the developing and mature nervous system. 36 Based on the hypothesis that target health has a critical role in the recovery and long-term survival of presynaptic neurons following nerve trauma, we demonstrated recently that treating the retina and its primary target following optic nerve injury provides a more significant and sustained level of neuroprotection relative to treating the eye alone. 15 The studies presented here extend these initial findings, suggesting that by treating the eye and visual thalamus, it is possible to enhance retinal ganglion cell survival and preserve central visual function for at least 6 weeks, the longest period studied, following as little as 2 weeks of treatment. This reduces the potential for adverse side effects, a warranted concern associated with long-term applications of trophic factors to the central nervous system.
METHODS
The 19 adult cats studied were maintained in a free-run environment with food and water provided ad libitum. All procedures were approved by the Institutional Animal Care and Use Committee at Michigan State University, and all adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
The basic surgical and treatment procedures have been described in detail previously, and, thus, only procedures specific to the present studies are presented here. 15 In general, all animals were anesthetized, intubated, and received a mild crush of the left optic nerve via the frontal sinus using sterile surgical procedures. In all animals the nerve crush was performed by 15-minute application of a vascular clamp, 2 to 3 mm posterior to the globe, that exerted a force of approximately 15 g. In addition, the route via the frontal sinus allowed only one angle of approach for placement of the clamp onto the nerve. Combined, these helped to standardize the crush across different cats. Vital signs were monitored continuously, postoperative pain medication was provided, and they were monitored every 2 hours during recovery, then daily.
All cats used in the present study received either a 4-or 6-week survival period relative to the time of the nerve crushfor continuity and comparison with our previous work, in some cases, as noted, data obtained from the 1-and 2-week studies also are provided. Of the 15 cats receiving a 4-week survival period, 1 received no treatment (4-week/NT), 4 received treatment of the eye alone (4-week/eye), 7 received a single treatment of the eye plus 4 weeks of treatment to visual cortex (4-week/4-week), and 3 received treatment of the eye, but only 2 weeks of treatment to the visual cortex (2-week/4-week). The remaining 4 animals received the eye treatment along with 2 weeks of treatment to the visual cortex, followed by an additional 4-week survival period (2-week/6-week, Table 1 ). As in our previous study, the eye treatments involved intravitreal injection of BDNF, while treatment of the visual cortex was bilateral via osmotic minipumps. 15 The cortical infusions of BDNF were made at approximately the representation of central vision (P4.0, L2.0). 37 The BDNF was delivered at a rate of 0.25 lL/h for either 2 or 4 weeks (84 lL/ 168 lL), at which time the pumps were removed and the brain cannulae tubing heat sealed if a longer survival period was used.
Following the survival period, all cats were prepared for noninvasive electrophysiologic analysis, as described previously. 15 Pattern electroretinograms (PERGs) were acquired using an Espion E2 electrophysiologic system and pattern stimulus generator (NEC AccuSync 120; Diagnosys LLC, Lowell, MA). Stimuli were luminance modulations of either a uniform field or contrast-reversed grating patterns. Square-wave luminance modulations were used in spatial and temporal domains. Stimuli spatial frequencies (SF; 0.063-2 cycles per degree
[cpd]) were presented at 2 Hz. At the viewing distance, the stimulus field subtended 44.68 horizontally and 33.98 vertically. The minimum and maximum luminances were 2 and 96 cd/m 2 (95% contrast). Responses were averaged over 3 trials and 50 presentations/SF.
Following the recording session, and without recovery from anesthesia, the animals received an overdose of pentobarbital sodium, and were perfused transcardially with physiologic saline and mixed aldehyde fixatives (1.5% paraformaldehyde/ 2.0% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4). The brains were placed into the same fixative for future processing, while the eyes were removed, bisected at the ora serrata, and postfixed for 1 to 2 days. The retinae then were dissected, whole-mounted, dehydrated in graded alcohols, defatted, stained with cresyl violet, and coverslipped.
Retinal ganglion cell counts were obtained using the computer-based imaging system described previously. 15 Two regions were selected for quantitative analysis. One region occupied approximately 1.7 3 10 6 um 2 , and was located 3.5 mm above and 1.5 mm temporal to the area centralis (AC), and was chosen because of the relatively constant size and density of ganglion cells in this peripheral location of the cat retina, and for comparison with our previous studies. 12, 14, 15 The second region comprised 1.7 3 10 5 um 2 , and was centered on the AC, the cat equivalent of the fovea in primates. Neurons were classified as ganglion cells based on the criteria of Stone. 38, 39 In particular, they needed to display a distinct nucleus and nucleolus, and have a continuous ring of cytoplasm surrounding the nucleus. In addition, for analysis, we set a minimum size limit of 12 lm diameter. While this might have resulted in the exclusion of some small ganglion cells, it eliminated any significant inclusion of displaced amacrine cells, the majority of which have somata less than 10 lm in diameter. [40] [41] [42] [43] [44] [45] Images were obtained systematically using a high resolution color video camera (Microfire; Optronics, Inc., Goleta, CA) and either 320 (peripheral) or 340 (central) objective. Double counting was avoided by using the previous image as a reference. Cell size and number were measured directly from the digital images using Image Pro Plus image analysis software (Media Cybernetics, Bethesda, MD).
All data are presented as mean 6 SE. The retinal cell counts and mean soma sizes were normalized by taking the square root of each measurement, determining the difference between the experimental and normal fellow eye of the same animal, and comparing these differences for all of the animals across the different experimental conditions and survival times using a 1-way ANOVA followed by the Bonferroni test for multiple comparisons (Prism 5.0; GraphPad, Inc., San Diego, CA). Mean PERG response amplitudes, obtained from the Espion system (NEC AccuSync 120; Diagnosys LLC), were compared using a 2-tailed Student's t-test (SigmaPlot; SPSS, Inc., Chicago, IL). Cell size distributions, normalized for differences in the numbers of eyes examined under each condition, were compared using a Kruskal-Wallis nonparametric test with a Dunns post hoc analysis. In all cases, P ¼ 0.05 was used as the level of significance.
RESULTS

Qualitative Observations
Comparisons of the normal and affected retinae and optic nerves for the different treatment and survival paradigms are shown in Figure 1 . Qualitatively, there was little difference in the cellular appearance of the AC across conditions; however, one noticeable effect of the nerve injury was the loss or The 1-and 2-week data are from the study of Weber et al. 15 NM, not measured; DT, dual treatment; 2 wk/4 wk, 2-week treatment/4-week postcrush survival; 2 wk/6 wk, 2-week treatment/6-week postcrush survival.
reduction of the few large ganglion cells seen typically in this region. While their loss was consistent, the extent of their retention with treatment was highly variable, and seen primarily with combined eye and brain treatment versus treatment of the eye alone. In peripheral retina, ganglion cells from all of the treated animals had relatively normal appearances, characterized by well-defined membranes, ovalshaped somata with centrally located nuclei, and an abundance of Nissl substance, with the exception being the 4-week treated and 4-week survival animals. Similarly, despite the scattered presence of numerous degenerating profiles, the optic nerves from these animals also contained a significant number of axons that were well-myelinated and arranged into discrete bundles.
Quantitative Observations: Cell Survival and Visual Responses
In our previous study, the goal was to determine whether treatment of the eye and its primary target, the dorsal lateral geniculate nucleus of the thalamus (dLGN), results in greater preservation of retinal ganglion cells following optic nerve injury compared to treatment of the eye alone. The data from these 2-week studies, shown to the left in Figure 2 , indicated a significant increase in ganglion cell survival in peripheral retina at 1 week (92% vs. 78%) and 2 weeks (93% vs. 60%) postinjury/treatment by applying this dual-treatment (DT) strategy. Extending this approach to 4 weeks, however, did not produce the same result ( Fig. 2) , but rather showed a decrease in peripheral ganglion cell survival to approximately 50% of normal, a level comparable to animals receiving either no treatment and 1-week survival or treatment of the eye alone and 2-week survival. Morphologic comparisons of the retinae and optic nerves from normal eyes, and eyes that received a mild, unilateral, nerve crush combined with intravitreal injection of BDNF at the time of the nerve injury, and either 2 or 4 weeks of BDNF infusion into visual cortex bilaterally. Postcrush survival periods were 2, 4, or 6 weeks in duration. Ganglion cell images represent matched regions of the AC and peripheral retina. The 2-week treatment/survival data are from the study of Weber et al. 15 FIGURE 2. Comparison of mean ganglion cell survival in the peripheral retina under each experimental condition. Solid line represents the mean number of cells measured in matched regions of the normal fellow eye. Values are mean 6 SEM. NT and eye only values versus N, P < 0.001 to 0.05; NT versus eye, P < 0.05; eye versus DT, 1-week, NS; 2-week, P < 0.05; DT versus N, P > 0.05; DT versus 4-week, P < 0.05. The 1-and 2-week data are from the study of Weber et al. 15 Despite this decrease, the PERG responses for the 4-week dual-treated animals were significantly higher than those of animals receiving no treatment. Also, although not significantly different from the responses of the 2-week dual-treated animals, they were consistently better across all spatial frequencies tested (Fig. 3) . Because of the strong PERG responses, we then performed a second analysis in each of four retinal quadrants immediately adjacent to the AC. Figure 4 compares ganglion cell survival in the AC for animals receiving optic nerve injury and the different treatment strategies used, followed by either a 2-or 4-week survival period. In the 2-week animal cell counts, obtained by reanalyzing the retinae from our previous study, 15 ganglion cell survival in the AC was only 47% of normal without treatment, but significantly greater following treatment of the eye alone (78%) and treatment of the eye plus visual cortex (82%). For the 4-week survival animals, those that received the nerve injury and NT showed a significant loss (13% survival) in ganglion cell numbers in the central retina. Treatment of the eye alone resulted in a significant increase in cell survival (54%), but this still was significantly less than that seen following treatment of the eye and cortex (81%).
Based on the similar levels of neuroprotection in the AC for the 2-week DT and 4-week DT animals (82% vs. 81%), we then asked whether 2 weeks of cortical treatment might be sufficient to stabilize ganglion cell survival in the central retina. For cats that received a single injection to the eye and continuous application of BDNF to the visual cortex for 2 weeks, but then were allowed to survive an additional 2 weeks without further treatment, the number of surviving central ganglion cells was only slightly less than that seen with 4 weeks of treatment (76% vs. 81%), but remained significantly higher than that seen with treatment of the eye alone (54%; Fig. 4, right bar) . Comparisons of the PERG responses from DT animals receiving 2 weeks of treatment and either 2-or 4-week survival periods are shown in Figure 5 . The 2-week treatment/ 4-week survival animals (2-week/4-week DT) had visual responses that were between those of the 2-week treatment/ survival animals (2-week/2-week DT) and normal, and were not significantly different from either.
Due to the strong visual responses in these animals, a final set of 4 animals received an optic nerve injury and treatment of the eye, combined with 2 weeks of BDNF treatment to visual cortex, and a 6 week postinjury survival period. Comparisons of cell survival in the peripheral and central retinae of these animals are presented in Figures 6A and 6B , respectively, and their comparison with all of the other animals is presented in Table 2 . Comparison of the percent ganglion cell survival in the AC for animals receiving different treatment strategies, and either 2-or 4-week survival periods. At 2 weeks after injury/treatment, there was a significant increase in ganglion cell survival following treatment of the eye alone and the eye þ cortex (P < 0.05) compared to NT. Following a 4-week survival period, all treatment conditions enhanced ganglion cell survival significantly relative to NT (P < 0.05), with the DT animals showing a significant increase over those receiving treatment of the eye alone (P < 0.05). Although those receiving only 2 weeks of treatment, followed by an additional 2-week survival period without treatment, showed a slight reduction in ganglion cell survival in the AC, they were not different from those animals receiving 4 weeks of treatment (P > 0.05). The 2-week survival data are from the study of Weber et al. 15 FIGURE 5. PERG responses to gratings of different spatial frequency for 2-and 4-week experimental conditions. Normal and treated animal responses were significantly stronger than those measured in the eyes of the NT animals. The DT animal responses were not different from each other; however, the responses from the 2-week treatment/4-week survival animals were consistently stronger than those measured in the 2-week DT animals, and not different from normal at the higher spatial frequencies. Values are mean 6 SEM. N versus NT, P < 0.001; DT versus NT, P < 0.05.
For the dual-treated animals, in peripheral retina, there was a 40% difference in ganglion cell survival between the 2-and 4-week survival periods (93% vs. 53%), a 43% difference between the 2-week treatment and survival animals versus those that received 2 weeks of treatment and an additional 2-week survival with no further treatment (93% vs. 50%). Extending the survival period with no treatment for an additional 2 weeks resulted in an additional 6% decrease in ganglion cell survival (50% vs. 44%). In the central retina, there was only a 1% difference in ganglion cell survival between the 2-and 4-week DT animals (82% vs. 81%), a 6% difference measured following an additional 2-week survival without further treatment (82% vs. 76%), and only a 2% additional decrease by extending the nontreatment period an additional 2 weeks (76% vs. 74%). In agreement with this sustained level of centrally-located ganglion cells, the PERG responses for the 6-week animals were not significantly different from those of the 2-or 4-week survival animals (Fig. 7) . Figure 8 shows the cell size distributions for the normal and treated eyes of ganglion cells measured in the central and peripheral retina. Although very similar in shape, there was a small, but significant, shift toward larger soma sizes in the treated animals. This also was seen when comparing the mean soma sizes within each group against their normal companion eyes (central, 188.3 6 9.2 vs. 158.9 6 2.3 lm 2 ; peripheral, 473.9 6 15.9 vs. 466.6 6 21.9 lm 2 ). Examining the proportions of small, medium, and large ganglion cells in central and peripheral retina did not indicate any differences across the different treatment conditions for either region-in the central retina, on average, 6.6% of the cells had somata less that 125 lm 2 in size, 86.4% were in the 125 to 300 lm 2 range, and 7% had somata greater than 300 lm 2 , while in the peripheral retina 2% had somata < 250 lm 2 , 74.6% were in the 250 to 600 lm 2 range, and 23.4% had somata greater than 600 lm 2 in area. However, as noted, for both regions there was a significant shift toward larger sized cell somata in the experimental eyes versus normal eyes, regardless of the treatment-in the central retina the proportion of small ganglion cells decreased from 24.2% in the normal to 6.6% in the treated eyes, while the proportion of medium-sized ganglion cells increased from 71.8% to 86.4%. In the peripheral retina, the proportion of medium-sized cells decreased from 88.4% in the normal eyes to 74.6% in the experimental eyes, while the proportion of cells with somata greater than 600 lm 2 increased from 9.8% to 23.2%. Despite these changes, when the mean soma sizes for affected versus normal eyes were compared within each individual animal, there were no significant differences for either central or peripheral retina (P range ¼ 0.15-0.94). Comparison of the mean number of surviving ganglion cells measured in peripheral (A) and central (B) retina following 2 weeks of treatment followed by either a 2-, 4-, or 6-week survival period. In the peripheral retina there was a significant decrease in ganglion cell survival between 2 and 4 weeks (P < 0.01). Although there was an additional 9% loss between 4 and 6 weeks, this additional change was not significant. In the central retina there was only a 13% to 14% decrease in ganglion cell survival at 4 to 6 weeks, even though treatment had been stopped at 2 weeks. This decrease was not significant for either time period (P > 0.05). 15 * Central retina data. . PERG responses for each of the different experimental conditions tested. All of the treated animals displayed responses that were significantly stronger than those measured in animals without treatment (P < 0.05). There was no significant difference among the treated animals, nor between the responses of the longer survival animals and normals at the higher spatial frequencies tested (P > 0.05).
Cell Size
DISCUSSION
The goal of this study was to extend our current understanding of the use of BDNF as a retinal neuroprotectant, as well as to emphasize further the importance of treating the eye and entire central visual pathway following injury to the optic nerve. In our previous work, we demonstrated that treatment of the eye and central visual pathway following optic nerve trauma is more beneficial than treating the eye alone. The focus here was to gain additional insight with respect to the relation between duration of treatment, and ganglion cell survival and function. This is an important consideration in most treatment paradigms, where cost, patient compliance, and possible contraindications are concerns. The data suggest that, following optic nerve injury, direct treatment of the eye with BDNF, combined with as little as 2 weeks of treatment provided to the rest of the central visual pathway, might be sufficient to preserve critical central vision, and prevent the progressive retinal degeneration seen commonly following such trauma. As expected, animals that received no treatment showed the greatest level of retinal degeneration and loss of function, followed by those that received a single intraocular injection of BDNF at the time of the injury. Cats that received the eye injection combined with chronic delivery of the drug to the visual cortex showed the highest levels of ganglion cell survival; however, by 4 weeks there was a clear distinction between central and peripheral retina-between 2 and 4 weeks after injury, ganglion cell loss was significant in the peripheral, but not central, retina. Furthermore, stopping treatment after 2 weeks resulted in an additional 49% decrease (93%-44%) in ganglion cell survival in the peripheral retina at 6 weeks after injury, but only an 8% additional decrease (82%-74%) in ganglion cell survival in the central retina (Table 2) .
There are several possible explanations for this centralperipheral difference. First, because ganglion cells of all types display increased soma and dendritic field sizes with increased retinal eccentricity, [42] [43] [44] [45] [46] it might be the case that the largersized cells in the peripheral retina, regardless of cell type, require a higher level of neurotrophic support relative to their smaller counterparts residing in the central retina. This also might explain the conspicuous loss of central large cells; however, the loss is not exclusive to these neurons. Second, the difference might reflect variations in the sensitivity of different classes of ganglion cells to exogenous application of BDNF-medium-sized beta cells dominate the AC of the cat, 38, 39, 45 and previous studies by us and others have indicated that, although these neurons are readily susceptible to nerve trauma, they also are highly responsive to the administration of BDNF. 12, 14, [47] [48] [49] [50] While this might suggest differences with respect to receptor numbers for large alpha versus smaller beta cells, previous work comparing mRNA levels of BDNF and trkB receptors in spinal motor neurons does not support a correlation between cell size/function and trophic factor/ receptor content. 51 Unfortunately, at present, there is little or no information concerning the density and/or distribution of neurotrophic receptors on specific classes of ganglion cells, or on those of the same or different class located in different regions of the retina. Finally, it is possible that the enhanced survival of central versus peripheral ganglion cells simply reflects the fact that, in all cases, the cannulae used to infuse BDNF into visual cortex were directed at the cortical representation of the AC. Thus, there was an inherent treatment bias in favor of those neuronal components associated with central versus peripheral vision. Since the visual field representation in the cat cortex is relatively large and well-defined, 37 it would be of interest to test whether targeting treatment toward a different cortical area might result in a predictable shift in the region of enhanced retinal ganglion cell survival, with a concomitant reduction in ganglion cell survival in the central retina.
The goal of any neuroprotection strategy is to provide longterm stability to the injured system. In the case of damage to the optic nerve, be it via physical trauma or disease, the primary focus has been on the preservation of the retinal ganglion cells whose axons comprise the optic nerve. As noted in the Introduction, initial studies in this area focused on the direct injection of different trophic materials to the eye. These studies were beneficial in defining the potential of the different compounds, and their effective duration. Of the different compounds, ciliary neurotrophic factor (CNTF) and BDNF have received the most attention. Unfortunately, despite their strong ability to prevent ganglion cell degeneration short-term, their effectiveness long-term is limited when provided as a single injection, or even as multiple injections. This is due partly to the limited supply and presence of the protein, but also to downregulation of the receptors they use, and desensitization of the signal transduction pathways they drive. 12, 13, [52] [53] [54] [55] [56] [57] [58] In the case of BDNF, to our knowledge DiPolo et al. were the first to show that, relative to direct injection of the protein into the eye, one could enhance ganglion cell survival in the rat following axotomy by intraocular injection of a viral vector containing the BDNF gene, thus providing a slower and more prolonged delivery of the drug. 11 Nevertheless, the effect still was short-lived, with ganglion cell survival falling from a maximum of 65% at 10 days after axotomy/ injection to approximately 10% at 4 weeks. To address the possibility that this reduction might be the result of druginduced downregulation of the BDNF TrkB receptor, Cheng et al. then combined direct application of BDNF to the eye with transfection of the retina using an adeno-associated viral (AAV) vector containing the TrkB gene. 13 While this resulted in a 76% survival rate at 2 weeks after axotomy, survival again declined to 17% of normal at 4 weeks. In 2003, Martin et al. 19 applied a modified AAV.BDNF vector to the eyes of rats with chronic elevation of intraocular pressure and experimental glaucoma, and reported a ganglion cell survival rate, based on axon counting, of 68% at 4 weeks after induction of the disease. A slightly lower result (61% survival) was achieved by Pease et al. 27 using a comparable CNTF-based AAV vector (see also CNTF-based studies by others [23] [24] [25] 28, 34 ). More recently, Ren et al. 21 examined ganglion cell survival, and visual function in rats undergoing acute elevation of intraocular pressure, and ischemic insult to the eye and optic nerve followed by combined treatment of the eye with a direct injection of BDNF and an AAV.BDNF vector. They reported ganglion cell density levels at 9 weeks after injury/treatment that were 84% of normal, as well as significantly enhanced visual evoked and spatial contrast responses as far out as 70 weeks. While these studies support the potential use of viral vectors as a means of providing prolonged drug delivery to the retina, and, thus, extended neuroprotection via a single injection, it is important to keep several factors in mind. First, the studies involve very different mechanisms of injury to the optic nerve, and thus the success of each must be evaluated on that basis. Second, the studies involve the treatment of eyes that are much smaller than human eyes, and, thus, the ability to provide widespread neuroprotection to the retina via intravitreal injection is much greater-our own experience with the use of AAV and Ad vectors in cat eyes, which are comparable in size to that of humans, is that there is little diffusion of the viral vector from the site of injection via intravitreal application. Similar results have been described by colleagues in the dog, even following injection at the retinal surface. This problem can be remedied, to some extent, by preinjection vitrectomy, but this adds an additional layer of potential complicating factors. Furthermore, the location of the injection can result in initiation of an immune response that reduces the effectiveness of additional treatments using the same vector. 59, 60 To overcome these issues, considerable emphasis has been placed on enhancing the transfection range, efficiency, and safety of AAV vectors via the development of different serotypes and/or modification of the viral capsid. [61] [62] [63] [64] A second approach that recently has been adopted as a means of providing prolonged delivery of neuroprotection to the retina, while avoiding the safety issues associated with the use of viral vectors, is intravitreal transplantation of bone marrow-derived mesenchymal stem cells. 18, [29] [30] [31] [32] [33] 35 These cells,
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which have been shown to secrete a number of different trophic factors naturally, can be obtained readily and used for autologous transplantation. In addition, they can be induced to upregulate the production of various trophic factors via manipulation of the culture media, 30 or by transfection using different viral vectors. 18, 31 While long-term delivery of different trophic factors generally is considered necessary for long-term neuroprotection and maintenance of function, too much of a good thing can be problematic. Rodger et al. 34 examined the morphology of single ganglion cells in the rat 5 to 8 months after optic nerve transection, transplantation of a peripheral nerve stalk to enhance axon regeneration, and intravitreal injection of AAV vectors capable of transfecting these neurons with either the CNTF or BDNF gene. Compared to eyes receiving saline injections, or injection with vectors expressing either GAP-43 or the GFP gene alone, eyes receiving trophic factor expressing vectors showed a significant increase (>65% vs. <15%) in the proportion of ganglion cells with abnormal somal and dendritic morphologies, with some of the effects being trophic factor-or cell class-specific. In addition, long-term gene expression also resulted in abnormal stratification of ganglion cell dendrites into inappropriate functional laminae of the inner plexiform layer. Equally interesting, the effects were seen not only in transfected ganglion cells, but nontransfected neighboring cells as well. Ongoing studies suggest that ganglion cell changes also occur in normal eyes receiving vector-based trophic factor treatment (Harvey A, personal communication, April 2013). Since ganglion cells receive all of their input via their dendrites, these induced changes in dendritic morphology suggest a potential concern with respect to possible alterations in the visual response properties of the surviving cells. We have not seen similar changes, most likely due to the much shorter exposure to the drug. 14 In the present study, we continue to focus on a nonviral vector approach to long-term neuroprotection, emphasizing instead the well-known importance of the neuron-target relation in the developing and mature nervous system. 56, [65] [66] [67] [68] [69] [70] In addition, our goal is preservation of existing neurons and function following nerve trauma, and not the much more difficult task of regeneration. Under normal conditions, we envision that healthy ganglion cells provide a basal level of electrical activity to their target neurons, which in turn stimulates them to express trophic materials that then are taken up by the ganglion cell axon terminals and transported back to the retina. Trauma to the optic nerve affects not only the retrograde transport of trophic materials, but also the level of target activation. [71] [72] [73] [74] [75] [76] The resulting decrease in target neuronal activity then leads to a general reduction in target trophic levels, which has a negative impact not only on the injured neurons, but their healthy neighbors as well; thus, contributing to the progressive degeneration commonly seen even after removal of the primary insult. Although the dLGN, and not the visual cortex, is the primary target of retinal ganglion cell axons, the ease of accessing the visual cortex versus the dLGN and the massive reciprocal connection between the two make it possible to impose a major influence on the dLGN via treatment of visual cortex. [77] [78] [79] [80] With respect to BDNF, it is likely that cortical application of the drug acts on the dLGN on several levels. First, since it has been shown that BDNF can enhance electrical activity in neurons, 81 it is highly likely that its application to cortex results in electrical stimulation of the corticogeniculate pathway, and, thus, increased electrical excitation of neurons within the dLGN. Second, it is well-known that BDNF can be transported anterogradely and retrogradely, 53, 73, 76, [82] [83] [84] [85] [86] the result being increased levels of dLGN BDNF and activation of BDNF-related intracellular signaling pathways in dLGN neurons. Two wellstudied pathways are the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-3-kinase-protein kinase B (PI3K-Akt) pathways. 13, 87, 88 The collective result of these different events would be a sustained level of trophic material and cellular activity within the dLGN; thus, helping to preserve ganglion cells whose axons were not affected directly by the trauma, but which potentially could be affected adversely by secondary processes. The question, then, is how to achieve the same central neuroprotective effect, but without direct injection of trophic material into either the dLGN or visual cortex. One possible approach might be through the use of transcranial magnetic stimulation (TMS). A number of studies have demonstrated the ability to excite and inhibit visual cortex using TMS. [89] [90] [91] While the data presented here support our longstanding notion that treatment beyond the eye is a critical component in the preservation of retinal ganglion cells and vision following trauma to the optic nerve, the equally important finding was the sustained neuronal survival and visual responses measured in animals that received only 2 weeks of treatment, but were allowed an additional 2-to 4-week survival period without any further treatment. This, combined with the fact that animals receiving longer survival periods in general showed consistently better PERG responses at all spatial frequencies tested (Figs. 3, 5, 7 ), suggests that under these experimental conditions and treatment paradigm, 2 weeks might represent the minimum period needed for surviving ganglion cells to recover fully and remain stable following trauma to the optic nerve. Nevertheless, while observation of the animals in their free-run environment did not indicate any obvious visionrelated impairment, additional studies that include a more complete regimen of behavioral testing are needed to determine the full degree of functional recovery, and the extent to which long-term stability in visual function has been achieved. If these support the current findings, then many of the concerns associated with long-term trophic factor exposure might be alleviated by combining a single treatment of the eye with short-term treatment of the central visual pathway in general.
